The reaction of ozone with bromide is an initiation process in bromine activation resulting in the formation of reactive bromine species with impacts on the fate of compounds in the lower atmosphere.
Introduction
The reaction of ozone (O 3 ) with halides producing reactive halogen species (RHS) in the troposphere is an important chemical process with implications for the oxidation capacity of the atmosphere and the fate of compounds in the atmosphere. [1] [2] [3] Of importance is the reaction between RHS and gas phase mercury resulting in increased mercury deposition, which has implications on human and ecosystem health. 1, 2, 4 While all halides may be involved, with respect to sea ice and sea spray aerosols, bromide may dominate due to its relative abundance and high reactivity compared to other halides. 1, 3, 5 Studies show that aerosols containing halides such as sea spray aerosols signicantly contribute to global halogen chemistry via multiphase chemistry on and within aerosol particles. [6] [7] [8] [9] Sea-spray aerosol is also partly responsible for the salinity of surface snow 3,10 resulting from scavenging and deposition along with snow fall onto polar and alpine snow packs. Field and satellite measurements have identied local, regional, and global scale effects of atmospheric halogen chemistry on O 3 and on the mercury cycle. 8, 9 However, there are still uncertainties in the mechanism of halide oxidation by ozone especially in less understood complex sources such as aerosols or snow containing mixtures of organics and salts. 6, 7 While the microphysics of aqueous aerosol particles is reasonably well understood, in complex environments such as snow and sea-ice, the structural arrangement of the non-frozen aqueous phase is less obvious. It may be expected that the water activity is controlled by the presence of ice. 3, 5, 11 The concentration of aqueous solutes in equilibrium with ice depends on temperature and follows the phase diagram of the aqueous mixtures. 5, 12 Below the freezing point of ice, as the temperature decreases, the water activity in solution decreases until the eutectic point is reached (Fig. 1) . The activity of the solutes increases similarly to the so-called "freeze concentration effect" described by Takenaka and Watson. 13 When the concentration of the solutes in the unfrozen aqueous phase exceeds the solubility limit of a solute, precipitation of that solute may occur. 3 In sea-ice formation, sodium chloride (NaCl) precipitates out at a warmer temperature than bromide leading to an enrichment of bromide relative to NaCl. 3 Fig. 1 gives an example and shows how the equilibrium mass fraction of sodium bromide (NaBr) in aqueous solution increases during freezing. 14 The environmental impact of this increase in the concentration of solutes with decreasing temperature has been discussed 5 and may include the formation of products not typically formed at lower concentrations. 15 Investigations of the composition of sea-spray aerosol show a signicant organic component, which may be up to 50% of the aerosol mass. 16 The organic fraction plays a role in the properties of the aerosol, such as hygroscopic properties and viscosity. [17] [18] [19] Indeed, investigations of halide oxidation in organic acid-halide mixtures indicate the effects of the organic fraction on the uptake of O 3 . 20 These studies show that in addition to providing acidity (which catalyses the reaction), the acids may affect the prevalence of the surface reaction 20 and the propensity of halide ions for the interface. 21, 22 Regarding the physical properties of organic containing solutions, studies show that the viscosity of organic solutions may reduce bulk reactivity by decreasing the diffusivity of the reactive solute (in this case, O 3 ). [23] [24] [25] Thus, the organic fraction of sea-spray aerosols, though not considered in atmospheric chemistry models, may impact the observed multiphase halogen activation, both during long range transport of sea spray aerosol in the troposphere and in snow or on sea-ice aer deposition. Environmental ice compartments, such as sea ice and snow also contain halides and can partake in halide oxidation. [26] [27] [28] [29] Just like inorganic salts, organics may also be excluded to the brine pockets during freezing and may similarly affect the properties of the unfrozen aqueous phase in snow and environmental ice. 30 These effects, in particular the inuence of viscosity on reactivity, usually require rather low relative humidity as is typically found in the free troposphere. Here we focus on these effects of an organic acid on the chemical reactivity at moderate humidity as is typical for the snow covered boundary layer and the interstitial air in snow.
The reaction between O 3 in the gas phase and bromide in the condensed phase of aerosols, sea ice, and snow is one initiation process for the formation of reactive bromine species. This is a multiphase reaction, which can occur in the dark, leading to the production of photo-labile bromine (Br 2 ; R1-R5) with R2 and R3 as the rate limiting steps. [31] [32] [33] [34] Br 2 produced during the night or during the polar winter may serve as a reservoir for daytime or polar spring photolytic halogen activation. 4, 35 Reactions R4 and R5 may also involve chloride and/or iodide leading to the production of reactive inter-halogen species (e.g. IBr, BrCl). 36, 37 Production of inter-halogen species, especially BrCl, may also depend on the relative abundance of the respective halides. 38 Here, we focus on the reaction of bromide with ozone in the dark. Kinetic studies on bromide (Br À ) oxidation by O 3 indicate a multiphase process with a signicant interfacial component. [39] [40] [41] Aqueous bulk bromide oxidation by ozone is relatively slow with a rate coefficient of $258 M À1 s À1 at 298 K. 32 Hunt et al. showed that the observed Br 2 production resulting from this reaction system exceeded that expected from bulk aqueous production alone, and suggested a contribution from interfacial processes. 39 Other studies probing possibilities of additional interfacial processes corroborate this suggestion by Hunt et al. [40] [41] [42] [43] Oldridge and Abbatt, while monitoring Br 2 production, showed that the interfacial processes become signicant at atmospherically relevant low ozone concentrations. 40 Studies on the interfacial process indicate that this process proceeds via the formation of an adsorbed intermediate species on the surface of the observed system. 39 Artiglia et al. recently observed this intermediate, the bromide ozonide, BrOOO À , and showed that it is surface active and stabilized by water molecules on the surface. 41 The mechanism of formation and the role of this intermediate has also been studied by theoretical calculations. 44 Gladich et al., in their theoretical study of this reaction, showed that via intersystem crossing of BrOOO À from the singlet state to triplet state, this Br À oxidation process can proceed successfully in the dark. 44 Oen, studies investigate halide oxidation in salt solutions only. In addition, though research has concentrated mostly on halogen chemistry with O 3 in polar regions, similar halogen activation has been observed in warmer environments. 40, 45 Fig. 1 Representation of the phase diagram of a NaBr-water binary solution (lines) and of the water activity in the film of study (Purple '*') as a function of water activity and temperature. The blue line denotes the solid-liquid equilibrium curve of ice; the red dot line is the weight fraction of NaBr in solution in equilibrium with ice; the grey line indicates the eutectic temperature, where NaBr crystallises. 14 Water activity ¼ relative humidity with respect to liquid water (%)/100.
Temperature inuences properties such as solubility, viscosity, and reaction rates with implications on the observed reactive loss of O 3 .
Therefore, there are two objectives for the study presented herein. The rst objective is to measure the uptake of O 3 via reaction with bromide in a mixture containing citric acid (CA) and NaBr in water, over a wide temperature (T) range (À25 C to 16 C). CA was chosen to be a proxy for oxidised organic material representative of aged primary or secondary organic material abundant in marine environments. Experiments were conducted using thin lms (equilibrated to experimental conditions) of the mixture in a temperature-regulated coated wall ow tube setup. An essential requirement of the experimental design was to avoid freezing while staying close to the ice-liquidus line in the NaBr-water-organic ternary solution at temperatures below 0 C ( Fig. 1 ). This was achieved by maintaining a relative humidity of about 96% with respect to water vapour pressure over ice (RH ice ) in the setup at temperatures below 0 C and a relative humidity of 96% above 0 C (RH water ). 46, 47 This means that the relative humidity with respect to liquid water (RH water ) ranged from 96% at 16 C to 75% at À25 C. 46, 47 Thus, the RH water À T space covered in this study is directly relevant for atmospheric aerosol trajectories, but also remains close, in terms of water activity, to the conditions of liquid phases in equilibrium with ice, such as within snow or sea ice. As such, it allows for covering a signicant temperature range without the complications related to ice formation.
The second objective is to extensively assess the inuence of temperature-induced changes in the system on the observed uptake coefficients of O 3 via temperature-dependent variables controlling the microphysics and kinetics. 5, 23, 48 Using the resistor model formulation, 50, 51 we attempt to describe the changes in reactant concentration, diffusivity, and pH to provide information on how these potentially opposing effects inuence the observed temperature-dependent O 3 uptake. Development of the parameterization used in this study focuses on the properties and reactivity in the aqueous bulk.
Experimental

Materials and methods
The experimental work in this study was conducted using a temperature-regulated coated wall ow tube setup at atmospheric pressure (ESI Fig. S1 †) . The setup is tted with a temperature-regulated injector for dosing humidied O 3 (and other gases) into the coated ow tube. This study was conducted using sodium bromide (NaBr, Sigma Aldrich, >99.0%), citric acid monohydrate (CA, Sigma Aldrich >99.0%), and ultrapure water (18 MU cm).
Tube preparation. A 50 cm long ow tube with an internal diameter of 1.2 cm was coated with a NaBr (0.34 M) and citric acid (0.31 M) mixture in 400 mL water (pH ¼ 1.60 AE 0.02). Before coating, the tube was etched with 5% hydrouoric acid (HF) and rinsed thoroughly with deionized water until the pH of the water in the tube was near neutral. The tube was then dried and coated with the solution under a N 2 ow at 55% relative humidity (RH water ) and room temperature. No crystal formation was observed during this process. The coated tube was conditioned at the experimental temperature and RH water (see Fig. 1 ) with a ow of humidied synthetic air for an hour before exposure to O 3 . Gases were delivered to the ow tube via the injector.
Ozone exposure. O 3 was generated from oxygen (at a ow rate of 200 ml min À1 at standard temperature and pressure (STP)) using a Hg penray UV lamp. The generated O 3 stream was humidied by adding a ow of humidied nitrogen gas (780 ml min À1 ). The coated ow tube was exposed to humidied O 3 in O 2 /N 2 in 15 minute cycles between the ow tube and a bypass (to measure the maximum O 3 and check for uctuations in the O 3 delivered to the ow tube). The O 3 concentration in parts per billion by volume (ppb) was measured using a commercial O 3 analyser (Teledyne, model 400E).
Experiments were conducted from À25 C to 16 C. At each temperature, a cycle between the bypass and the ow tube was repeated at least three times with an exposure length of 25 cm (exposed surface area of 94.3 cm 2 ). Ozone concentrations were also measured at 0 cm (just outside the tube) to account for losses that were not from the coated part of the ow tube (<1%). The ozone concentration was also measured as a function of injector position, and thus length of the coated ow tube, exposed at 5 C and À5 C to conrm the rst order kinetics for our analyses (ESI Fig. S2 †) . At least one independent repeat was conducted on a different day for each temperature. O 3 loss was also measured at different O 3 concentrations at some temperatures (0 C, À10 C, À20 C, and À25 C).
Viscosity measurement. The equilibrium concentration in the lm at each temperature was calculated using the AIOMFAC model version 2.18. 49 We measured the viscosity of the equilibrium compositions using a Thermo-Scientic Haake Viscotester iQ Air. Viscosity was measured at the experimental temperature and relative humidity using plate geometry. The relative humidity in the viscosity measurement cell was controlled with a ow of humidied N 2 (200 ml min À1 ). The samples were allowed to equilibrate at the set temperature and relative humidity for 10 to 15 minutes before measurement.
Data analyses
Uptake coefficients: observed uptake coefficients (g obs ). We determined the uptake coefficient of O 3 in the system from observing the change in O 3 concentration due to exposure to the coated ow tube. Fig. 2 shows a sample of the raw data obtained from the O 3 analyser at 5 C during ozone exposure to the coated ow tube. Uptake coefficients (g obs ) were calculated with the average O 3 concentration through the bypass ([O 3 ] bypass ) before and aer the ow tube exposure, and through the ow tube ([O 3 ] ow tube ) in ppb for each cycle using eqn (1) below. The uptake coefficient is dened as the probability that a collision of an O 3 molecule with the coated wall will result in O 3 loss. 40, 50, 51 These coefficients provide the "normalized sum of" losses, which is a combination of all processes involved in the removal of ozone. The average O 3 uptake coefficient of the three cycles between the bypass and the ow tube per repeat is taken as the mean uptake coefficient for that experiment. g obs was corrected for gas phase diffusion limitation following the Cooney-Kim-Davis (CKD) method 52 (see ESI † for details).
where 4 is the ow rate of O 3 through the ow tube (980 ml min À1 ); u is the mean thermal velocity of O 3 in the gaseous phase, cms À1 ; 53 SA is the exposed internal surface area of the tube, 94.3 cm 2 ; M wO 3 is the molecular weight of O 3 ; C gd is the diffusion correction factor. Uptake coefficients: parameterization of uptake coefficients. The uptake coefficient is a combination of surface and bulk uptake processes, and is oen evaluated using a resistance model method. 50, 51 This method describes the uptake coefficient as a convolution of serial and parallel processes (expressed as resistances) under steady state conditions. Uptake starts with the accommodation of O 3 on the surface by collision from the gas phase, from where it may undergo reaction with other species on the surface, desorb back to the gas phase or enter into the bulk of the solution, diffuse, and react there. The resistance model is a representation of the complete solutions to the coupled differential equations describing these processes under steady state conditions analogous to electrical resistances of parallel or serial processes.
In this study, we assume that accommodation on the surface (preceding the surface reaction described by G surf and also preceding the surface to bulk transfer) is not rate limiting. We also assume that the surface to bulk transfer of O 3 is not rate limiting, as justied further below. Thus, within these assumptions, the surface reaction operates independently of and parallel to diffusion and reaction in the bulk. Hence, the total uptake can be represented by the sum of the inverse resistances for diffusion and reaction in the bulk (G bulk ) and for the surface reaction (G surf ) (eqn (3)). By themselves, G bulk and G surf are reaction rates normalized to the gas kinetic collision if they would be the only limiting processes.
where
and
The reactive surface uptake (G surf ) calculated using eqn (4) 50 represents a "Langmuir-Hinshelwood-type" surface reaction mechanism, 40 in which "Langmuir-type" adsorption precedes reaction. Partitioning of the reactive gas to the surface from the gas phase is described by the equilibrium constant, K, such that
is the fractional surface coverage. 40 Artiglia et al. have recently shown that the Langmuir equilibrium constant, K, and the maximum surface coverage, N max , in eqn (4) are linked to the equilibrium and maximum coverage of the reaction intermediate, a bromide ozonide, at the surface, when describing the oxidation of bromide. Here, we used the same approach and set N max to 10 12 molecules per cm 2 , the saturation surface concentration of the bromide ozonide intermediate as reported by Artiglia et al. The apparent equilibrium partitioning coefficient K represents a lumped parameter describing the equilibrium between gas-phase ozone and the surface concentration of the ozonide and was set to (K ¼ 6 Â 10 À13 exp(686/T À1 )) cm 3 per molecule. The surface reaction rate coefficient is denoted as k s and was set to 2:1 Â 10 12 exp À76 400 RT s À1 . 41 We note that the transfer of O 3 into the bulk aqueous phase also rst involves the adsorption of O 3 to the surface, in parallel to and independently of the formation of the bromide ozonide. Given the fairly low bromide concentrations, the surface is still largely dominated by water molecules. The adsorption equilibrium constant and the value of N max for this process (presumably driven by the dimensions of the molecule and thus likely to be in the range of 10 14 molecules per cm 2 ) are both not known. As is obvious from the present data set and also from others discussed further below, there are no indications so far that the adsorption saturation of O 3 on water affects surface to bulk transfer. The parameterization for G bulk (eqn (5)) contains temperaturedependent parameters (Henry's law constant (H), diffusivity (D O 3l ), the mean thermal velocity of O 3 (u O 3 ), and the pseudo-rst order bulk aqueous phase rate coefficient (
Br À ] is bromide activity)). R is the ideal gas constant. There is limited information on the aforementioned parameters and their temperature dependences. In cases where there are measurement data, these are oen conducted for single solute solutions not below 0 C. Therefore, we have parameterized these factors for ternary mixtures and lower temperatures as described below.
Results and discussion
In Fig. 3 , we present the measured uptake coefficients (g obs ) corrected for the gas phase diffusion limitation of O 3 in the in the mixed citric acid/NaBr solutions as a function of temperature from À25 C to 16 C. The observed temperature dependence shows that uptake coefficients of ozone decrease with decreasing temperature. This decrease slows down and plateaus below À10 C. The observed uptake coefficients at À20 C and À25 C are invariant. The uptake coefficients observed in our study were about 1 Â 10 À7 at À20 C with 3 Â 10 13 molecules per cm 3 ozone concentration which compares well with that of Oldridge and Abbatt's study on acidic ternary mixtures of NaCl, NaBr, and water. 40 The concentration of the condensed phase reactant in both studies is determined by the freezing point depression at temperatures below 0 C ( Fig. 1 ). Thus the agreement of the observed uptake coefficients for this particular run with similar experimental conditions supports the nding of the earlier study. The comparison is, however, hampered by the presence of citric acid in our study. In this study, we have extended the temperature range and in particular increased the sampling interval to investigate the multiphase reactivity in more detail. As described below, there are distinct differences in observed uptake coefficients as a function of ozone concentrations between the studies.
In Fig. 3 , we also present three predictions of the uptake coefficients (g calc , lines) as a function of temperature. The runs differ in the parameterization of the diffusivity of ozone and the ozone solubility in the lm. The grey line denotes a run where the diffusivity and the solubility of ozone in the reactive medium are parameterized without considering the effect of solutes on either. Such a parameterization based on the diffusivity of ozone 54 and ozone solubility in water 55 does not capture the observations. In particular, the marked increase in the uptake coefficient at 273 K, when water activity decreases leading to an increase in bromide activity ( Fig. 1) , is not evident in the experimental data. The agreement between the parameterization output and the observations is drastically improved, when accounting for the impact of bromide on the solution's properties. Finally, incorporating the effect of the organic solute as well further optimizes the parameterization result showing the importance of accurately describing the physical properties of organic-inorganic mixtures. The relevant lm properties and parameters such as the viscosity and diffusivity of ozone, solubility of ozone in the lm, pH of the lm, and rate of the reaction in the aqueous bulk are developed further below and summarized in Table 1 and ESI Tables S1-S3. †
Aqueous bulk reaction rate coefficients
One parameter of G bulk is the pseudo-rst order rate coefficient for the reaction of ozone with bromide (k I b , eqn (5)) which is the product of the activity of bromide (a Br À) and the secondorder rate coefficient (k II b ). The activities and concentrations of the bromide and citric acid solutes were calculated using the AIOMFAC model, web version 2.18. 49 The mass fractions calculated using the AIOMFAC model for the binary waterbromide and water-citric acid systems, respectively, compare well with that obtained using freezing point depression data for NaBr 14 and growth factors for citric acid. 56 To convert the AIOMFAC output to activities based on molarity as required for the kinetics description, the density of the lm was estimated using the mass fraction (of dry solute) mixing rule of the individual solutes and their solutions. The density of the citric acid solution was determined using the parameterization proposed by Lienhard et al. 17 The density of the NaBr solution was estimated by extrapolating measurements of Isono. 57 The second order rate coefficient for the reaction of Br À with O 3 (eqn (6)) is based on the mechanism presented in R1-R5, and is pH dependent. 32 View Article Online
Estimation of the pH of the lm was based on citric acid dissociation constants and activity in the lm. 58 The estimated pH ranged from $2 at 16 C to $1.7 at À25 C ( Table 1 ). The temperature dependence of k II b was a free tuning parameter benchmarked against the pH independent rate coefficient involving R3 but not R2 (k H 2 O ¼ k 1 /((k À1 /k 3 ) + 1)) proposed by Liu et al., 258 M À1 s À1 at 25 C. 32 This study's parameterized k II b at 16 C was 388 M À1 s À1 . The calculated k II b with our own t at 25 C and 1 M H + is 1.7 Â 10 3 M À1 s À1 , which is much smaller than that calculated by Liu et al. at 25 C, 3.64 Â 10 3 M À1 s À1 . 32 The pH independent rate coefficient, which was used as a benchmark, from our parameterization is 257 M À1 s À1 at 25 C and, like that of Liu et al., is larger than that of Haruta and Takeyama (211 M À1 s À1 at 27 C 33 ) and Haag and Hoigné (206 M À1 s À1 at 25 C at pH 2). 59 This comparison illustrates the uncertainty in the present second order rate coefficients and their temperature dependence, which is directly reected in the uncertainty of k I b . Further uncertainty in the pseudo-rst order rate coefficients arises from the uncertainties in the activity coefficients as derived from the AIOMFAC model, the density estimates for the lm, and the pH of the lm (ESI Table S4 †). We have assigned about 20% (35%) uncertainty to this parameter at temperatures above 0 C (at À20 C) taking the aforementioned sources of errors into consideration. A 22% change in the pseudo-rst order rate coefficient at 0 C results in a 9% change in the g calc and a 34% change in the rate coefficient at À20 C results in a 16% change in the g calc (Table 2) .
Overall, the increase in g calc_Hwater_Dwater following the trend in bromide activity with temperature is in line with a concentration driven acceleration of apparent reaction rates observed in other bimolecular (or higher-order) reactions. 5 Fig. 3 shows that other factors reduce the apparent reactivity in this multiphase system, which we will discuss in the following. Fig. 3 shows the profound inuence of composition driven equilibrium partitioning of ozone between the gas phase and the aqueous bulk on G bulk (eqn (5)). This is a well-known effect; 60,61 however, there are no data quantifying these effects at the high molarities and at the low temperatures typical for atmospheric chemistry. Here, we present and test approaches to overcome this limitation.
Ozone solubility in the aqueous bulk
The effect of solutes on solubility is referred to as "Salting," which may be salting-out or salting-in and is described with the so-called "Sechenov relationship" (eqn (7)). [60] [61] [62] [63] [64] log(H solution /H water ) ¼ K s a s
H solution (mol (L atm) À1 ) is Henry's law constant of ozone in the solution and K s is the Sechenov constant. H water is the Henry's law constant of ozone in water (mol (L atm) À1 ; eqn (8) 55 ). This treatment of the high ionic strength of bromide and high concentration of citric acid expands the use of the term, Henry's law constant, that strictly refers to the limiting case of gas-aqueous bulk partitioning for low ionic strength and solute concentrations.
where T denotes the temperature.
In the presence of NaBr the ozone gas-aqueous bulk partitioning coefficient decreases signicantly by $30% above 0 C with a stronger salting-out as NaBr concentrations increase with decreasing temperatures below 0 C (Fig. 3 ). This is in agreement with the general trend for gases less polar than water, where inorganic salts tend to decrease gas solubility (a saltingout effect). 63, 65 The solubility was derived using parameterizations of the Sechenov constants for NaBr solutions as described by Weisenberger and Schumpe. 65 These parameterizations were done using data obtained above 0 C. 64, 65 Due to low condence on the temperature dependence as expressed by the authors, 65 we xed it to that at 25 C. 64 Additional incorporation the effect of the organic co-solute on G bulk leads to a perfect agreement with the experimental data ( Fig. 3) . To achieve this, two scenarios estimating the solubility of O 3 in the aqueous citric acid solution were developed as part of this study. On the one hand, we described the salting effect of citric acid as that typical for organic species, for which a salting- in effect with increasing concentration of the organic species is generally observed. 61 For this, we used measurements of O 3 solubility in propionic acid-water mixtures at room temperature between 0 weight percent and 100 weight percent propionic acid. 60 On the other hand, measurements of oxygen solubility in citric acid solutions at 25 C indicate a salting-out effect with increasing citric acid concentrations (between 0.13 and 1.04 M citric acid). 66, 67 Since O 3 solubility oen follows similar dependences as that of O 2 , 61 we consider this salting-out scenario as likely as the salting-in. Fig. 4 presents the solubility for the aforementioned two scenarios. The salting-in scenario, H O 3 _CAsalt-in , shows a strong increase of ozone solubility with decreasing temperature. This trend is driven by the temperature dependence of H solution that we set to that of H water . Since we are uncertain about the temperature dependence of ozone solubility in this solution, we considered a second alternative to this salting-in scenario, where the solubility has no temperature dependence and the small trend in Fig. 4 is only caused by the change in citric acid concentration.
The salting-out scenario, H O 3 _CAsalt-out , shows a similar temperature dependence to H O 3 NaBr with an increase in solubility with decreasing temperature, a decrease at 0 C as concentrations increase and a further increase as the temperature effect dominates again. H O 3 CA_salt-out is signicantly lower than H water . The solubility of O 3 in the lm mixture (H O 3 Mix ) was calculated by applying the volume mixing rule to the three scenarios for the citric acid fraction and the solubility in the NaBr fraction, H O 3 NaBr (eqn (9)).
In summary, the solubility in the different fractions shows an increase with decreasing temperature up to 0 C. Below 0 C, there is a discontinuity (except in H O 3 _CAsalt-in and H O 3 _CAsalt-in(Tind) ) due to the effect of increasing solute concentrations with decreasing water activity as temperatures decrease. All mixture scenarios (H O 3 Mix ) show an overall salting-out effect; that is, H O 3 Mix is less than H water . The discontinuity at 0 C in the fractions is also reected in the H O 3 Mix . Fig. 5 shows an assessment of the impact of the different solubility scenarios on the uptake coefficients, with all other factors remaining the same. The g calc for the salting-in scenario with H O 3 _CAsalt-in , g HO 3 Mix_salt-in , does not concur with the observed uptake coefficients below 0 C. This indicates that the rather strong temperature dependence described by the temperature dependence of H O 3 water poorly represents the temperature dependence of O 3 solubility with the salting-in effect. This observation is in agreement with the small general temperature dependence found in the salting effect of the organic co-solute. 68 Decoupling the temperature dependence of the solubility effect of the organic fraction from that of water gives better results (g HO 3 Mix_CAsalt-in(T-ind) and g HO 3 Mix_CAsalt-out ).
The difference between these two scenarios calls for further studies on gas solubility in organic mixtures at low temperatures. In general, due to the absence of measurements of ozone solubility in organic-inorganic mixtures at temperatures below 0 C, there are large uncertainties. We have estimated this uncertainty based on the difference between the different scenarios (ESI Table S4 †). A 20% change in the solubility parameter at 0 C resulted in a 12% change in the g calc and a 35% change in the solubility parameter resulted in a 32% change in g calc at À20 C ( Table 2 ). In summary, both H O 3 Mix_CAsalt-in(Tind) and H O 3 Mix_CAsalt-out give good results and can be used to assess ozone solubility in mixed systems at temperatures below the freezing point of water.
Viscosity and aqueous bulk diffusivity of ozone
The excellent agreement between g calc and g obs in Fig. 3 was also achieved by parameterizing the diffusivity in the lm. The viscosity of the lm inuences the diffusivity of ozone and the products within the lm. The diffusivity of ozone in the lm was estimated using the Stokes-Einstein relationship (eqn (10)), in which diffusivity is inversely related to viscosity. The Stokes-Einstein relationship is valid for small molecules and viscosities lower than 10 Pa s. 69 The viscosity of the lm was obtained by measuring the viscosity of the solutions at the equilibrium concentrations, as calculated by AIOMFAC, at each experimental temperature. The viscosity of the lm increased from 1.4 mPa s at 16 C to 43.9 mPa s at À24 C, which leads to almost a 40 times decrease in diffusivity. The measured viscosity of the mixture is similar to that measured in citric acid solutions. 70 Therefore, this increase in viscosity with decreasing T and increasing concentration is predominantly driven by citric acid (ESI Fig. S3 †) . 14, 71 
G bulk as presented in eqn (5) above is applicable if the reactodiffusive length (l rd ) is smaller than the thickness of the lm (t lm ). In this case, the uptake in the aqueous bulk is limited by both reaction and diffusion in the aqueous bulk. The l rd is dened as the characteristic distance over which the reactant (O 3 ) is lost due to reaction in the lm (eqn (11)). 51
If the l rd is almost equal to or larger than the t lm , the reaction occurs almost throughout the depth or thickness of the lm; G bulk will be proportional to the volume of the lm (or thickness). The thickness of the lm was obtained by dividing the estimated volume of the lm by the internal surface area of the tube (188.5 cm 2 ). The lm thickness ranged from $2 mm at À25 C to $13 mm at 16 C while the l rd ranged from 0.7 mm at À25 C to 2.3 mm at 16 C. Hence, we assumed that eqn (5) is a good representation of G bulk .
We have assigned a low uncertainty to the diffusivity parameter due to the viscosity measurements for the equilibrium concentrations of solutes in the lm, which were conducted as part of this study. The equilibrium concentrations calculated using the AIOMFAC model may also be a source of uncertainty for this parameter. A 5% change in the diffusivity parameter at 0 C results in a 2% change in g calc and a 10% change in the diffusivity at À20 C results in a 4% change in g calc (Table 2) .
Uncertainty in aqueous bulk properties and impact on g calc Although we are able to predict the measured uptake coefficients in this system, there are uncertainties in the parameters. The uncertainties arise from the lack of measurements of the parameters for the organic component and mixture in particular below 0 C. Therefore, extrapolation to lower temperatures comes with large uncertainties. Fig. 5 shows the g calc with error bands (thinner lines). The error bands were determined via error propagation with increasing percentage error as temperatures decreased below 0 C for all surface and bulk parameters. Table 2 presents a summary of the uncertainties in the bulk parameters and their implications on the bulk uptake coefficients and total uptake coefficients at 16 C, 0 C, and À20 C. Uncertainties in all parameters increase as temperatures decrease below 0 C due to the absence of measurements and parameterizations at colder temperatures and high concentrations. ESI Table S4 † contains information on uncertainties assigned to each parameter and at different temperatures. In summary, the bulk uptake coefficients and the total uptake coefficients are most sensitive to the solubility parameter. The solubility parameter is also the largest source of uncertainty. Fig. 6 presents the measured uptake coefficients as a function of ozone concentration at 0 C, À10 C, À20 C and À25 C, also corrected for the gas phase diffusion limitation. The uptake coefficients were independence of ozone concentration at 0 and À10 C. At temperatures less than À10 C, this independence occurs only at high ozone concentrations. That the uptake coefficient is invariant with increasing ozone concentration shows that G bulk is not limited by the uptake of ozone from the gas phase. Only at higher ozone concentrations, the surface to bulk transfer rate may be limited by saturation in surface coverage. 40, 52 There is some evidence of negative O 3 concentration dependence at À20 C and À25 C, but not at higher temperatures. At À20 and À25 C, the uptake coefficients decrease with increasing ozone concentration and then plateau to a constant value at high O 3 concentrations. This negative O 3 concentration dependence of the uptake coefficient is the result of the saturation of the surface coverage of the bromide ozonide occurring at ozone concentrations below those employed here. This observation is different from that of Oldridge and Abbatt with 8.6 mM NaBr concentration at 0 C, 40 and Artiglia et al. with 0.12 M and 0.24 M NaBr concentration at 1 C 41 where a negative O 3 concentration dependence was observed. Considering that bromide was 0.7 M at 0 C in the study presented here, the absence of O 3 concentration dependence is not linked to the bromide concentration.
The uptake coefficients at À20 C and À25 C are essentially the same. This observation is similar to the levelling off with temperature observed by Oldridge and Abbatt below À30 C in their system without organics. 40 This plateauing in temperature dependence at a warmer temperature in our study may be due to the presence of the organic component. Due to the increase in viscosity with temperature (and concentration of the organic species), the decrease in the diffusivity may lower the contribution of the aqueous bulk to the total O 3 uptake; hence similar total uptake coefficients are observed. These conditions may also increase the potential for surface uptake.
The parameterization output, also presented in Fig. 6 , was able to predict the O 3 concentration dependence of the uptake coefficients reasonably well. At À20 C, the parameterization is not able to capture the observed similarity in the uptake coef-cients between À20 C and À25 C. This may be due to uncertainties in the solubility parameter at low temperatures and higher viscosity as well as uncertainties in the surface uptake parameters.
The surface uptake parameterization used in this study was that developed by Artiglia et al. for a system without organics. 41 This may not be ideal for the mixed matrix in this study, where the partitioning of the solutes to the surface may not be the same as in a single solute solution. [20] [21] [22] In particular, recent X-ray photoelectron spectroscopy data of Lee et al. have demonstrated that the presence of citric acid led to a reduction of the bromide abundance at the solution-air interface. 22 In addition, the temperature dependence of the surface rate coefficient, k s , may be different in this study due to the presence of organics. The k s from Artiglia et al. applied in this study was based on the energy difference between the water stabilized surface intermediate, BrOOO À $4H 2 O and the transition state species aer intersystem crossing in the reaction scheme on the surface. 41 The organics present on the surface may inuence the stabilization of this intermediate, as citric acid is a good ligand, with impacts on the k s .
The g calc is quite sensitive to the magnitude of N max and k s in eqn (4) . An increase in k s by a factor of 10 increases g calc by a factor of 4.3 at 16 C and 1.25 at À25 C. An increase in N max by a factor of 10 increases g calc by a factor of 2.2 at 16 C and 1.1 at À25 C. g calc is partly sensitive to K with a maximum of about 2% increase with an increase by a factor of 10. Increasing K increases surface coverage of the intermediate ozonide. Since the parameterization of the surface uptake coefficients is already close to the maximum surface coverage, there is no signicant change with an increase in K. A decrease in K by a factor of 10 decreases g calc at warmer temperatures by about 8% due to a signicant decrease in surface coverage at warmer temperatures. At temperatures below 0 C, the change (increase) is about 1% due to a much weaker effect on the surface coverage. This is due to the temperature dependence of K.
In summary, the data indicate a surface process at low temperatures (À20 C and À25 C) and low ozone concentrations. The lower surface adsorption equilibrium constant and lower coverage at warmer temperatures result in lower contributions from the surface reaction. At colder temperatures, the coverage is higher, but the surface reaction rate coefficients are lower. The parameterization indicates a signicant surface process at ozone concentrations lower than the experimental range. We attribute this difference to uncertainties in k s and K, and their temperature dependence.
Conclusions and implications
In this study, we measured the temperature dependence of the dark reaction of O 3 with bromide in a proxy for sea-spray aerosols and brine on sea-ice and in snow. This proxy contained a mixture of an organic species and an inorganic salt (citric acid and sodium bromide). A decrease in temperature resulted in a signicant increase in the concentration of solutes below 0 C as the water vapour pressure decreased. This further resulted in an increase in the pseudo-rst order rate coefficients. For this mixed system with organics, a combination of increased viscosity and a strong decrease in the solubility of ozone due to increase in the concentrations of the solutes countered the reaction acceleration. Increased viscosity due to the increased concentration of citric acid with decreasing temperature led to a signicant decrease in diffusivity. Sea-spray aerosols and brine on environmental ice surfaces such as snow and sea ice contain a signicant organic component, which may strongly inuence their viscosity. 16, 19 This effect of citric acid on the viscosity and on the uptake of O 3 in this study is in agreement with that in other studies, which have shown similar reduced reactivity due to the impact of high viscosity on heterogeneous reactions. 23, 24 We note, though, that the viscosity effect seen here becomes relevant even at high relative humidity, as it is common for environmental compartments where brine is in equilibrium with ice. This effect has implications for the reaction of halides with O 3 in snow covered Arctic sea-ice where a signicant source of salinity on surface snow is sea-spray aerosols, 3 and where aged organic species (represented by citric acid in this study) are likely co-located with halide ions. 3, 30 There is limited information on the solubility of O 3 and other oxidants in organic solutions and in organic/inorganic mixtures although O 3 is one of the important oxidants in the atmosphere. The heterogeneous reactions of O 3 in aerosols or brine pockets, which contain complex mixtures of solutes, may not be properly assessed without properly accounting for the concentration of O 3 in the condensed phase. From our solubility calculations, the composition of the mixture resulted in a signicant saltingout effect on O 3 relative to O 3 solubility in water; using the solubility of O 3 in water overestimates the uptake coefficients. in(T-ind) ) with error bands at different temperatures as a function of gasphase ozone concentration. The dots are the measured uptake coefficients; the solid lines are the model lines; the thin dashed lines are the error bands for the parameterization output. The parameterization output and error bands have the same colour as the temperature in question: blue circles for 0 C, cyan pentagons for À10 C, red diamonds for À20 C, and orange squares for À25 C.
Based on our results, atmospheric models may simply be able to use a general representation of the salting effect of solutes on the solubility of the reacting gas.
Halogen activation via reaction between O 3 and halides in seaspray aerosols has recently been updated in global atmospheric chemistry models. 7 The addition of the multiphase chemistry contribution from sea-spray aerosols has been shown to improve model predictions. These models may be further improved by including some information about the average viscosity of seaspray aerosols and the composition effect on solubility. This implies that there is a need for measurements of solubility of O 3 in mixtures which is presently lacking. Recently, there have been more studies measuring the viscosity of sea-spray aerosol. 19 In addition, we did not focus on the surface uptake of ozone in the mixture as part of this study. There is increasing knowledge of signicant surface contributions to the uptake of O 3 in aerosols at lower, atmospherically relevant O 3 concentrations. Organics have been shown to inuence the partitioning of the halides to the surface 21, 22 and the reactivity on the surface. 20 Further studies at low ozone concentrations on the inuence of organics and mixtures on the surface uptake of ozone is needed for information on the surface uptake parameters such as the surface rate coefficients, the surface adsorption coefficients, and the maximum coverage of the reactants on the surface (N max ). The total uptake coefficients are particularly sensitive to the N max and the surface rate coefficients.
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